For each treatment protocol, at least three cycles were recorded before treatment and four cycles after treatment. Phase shifts were estimated as the difference between the two regression lines fitted through the phase reference midpoints before and after treatment (e.g., Figure 2B ). The cycles during and immediately after treatment were not used in the analysis to minimize the contribution of acute and transient responses.
Clock Cell Firing Rates Are Inhibited by GABA at All Circadian Times
Since GABA is the major inhibitory transmitter in brain, we first examined its ability to acutely inhibit clock cell firing rates. We were able to do this in the same cells in which phase-shifting effects of the transmitter were examined (see below).
Previous phases of the circadian cycle (Figure 2A) . Thus, individual clock cells do not exhibit daily sensitivity to the CT 6 of clock cell circadian time. Regression lines acute inhibitory actions of GABA. The only difference in through the midpoint phase reference points gave a inhibitory response between the 1 hr and 6 hr GABA good approximation of the data, with midpoints falling pulses was that the duration of inhibition paralleled the duration of treatment. within 2 hr from the regression line (Figures 1 and 2) . The only difference between the phase responses to 1 phase shift responses (Figures 2A and 2B) . A 6 hr GABA hr and 6 hr GABA treatments was between CT 4 and treatment (100 M) beginning just after the firing rate CT 8, in which more variation in phase response was rhythm peak caused a large phase delay; treatment durfound with the 6 hr treatment. The lack of a major differing the trough did not elicit a demonstrable phase shift; ence between the phase responses to 1 hr and 6 hr and treatment just prior to the firing rate peak caused a phase advance (Figures 2A and 2B ). The GABA-induced phase shifts appeared complete by the second cycle following treatments. Similar results were found when clock cells were treated with 1 hr GABA pulses (100 M) at the three circadian times (data not shown). Control treatments of changing media, but without adding GABA, did not induce phase shifts (either advances or delays) of greater than 2 hr, which defines the limit of sensitivity for detecting a significant phase shift (see below). Thus, circadian variations in phase-shifting responses to GABA are evident at the level of a single clock cell.
A phase-response curve was next constructed from a number of clock cells treated with GABA at different times throughout the circadian cycle (n ϭ 41) and compared with those treated with vehicle (n ϭ 34). Such a curve is constructed by plotting the direction (positive GABA treatments lasting either 1 hr or 6 hr (100 M entrain desynchronized clock cells in culture to the same circadian phase. For this experiment, GABA (100 M) or vehicle was applied to cultures for 3 hr at 24 hr inter-GABA treatments is probably due to the limits of resolution of detecting a significant phase shift. Phase shifts in the vals for 5 days. Clock cell phases were monitored before, during, and after treatments. vast majority of control-treated cells were within Ϯ2 hr, defining the limit of significant phase shift detection.
Analysis of two clock cells in the same culture that expressed firing rate rhythms of opposite phase prior to treatment showed that both were clearly entrained GABA-Induced Phase Shifts Are Mediated by GABA A Receptors to the same circadian phase by daily GABA pulses (Figures 6A and 6B) . When circadian phases of several clock We next examined which GABA receptor mediates the phase-shifting response by applying receptor-specific cells treated with either GABA or vehicle were plotted on a circle representing the circadian day, it was clear agonists to clock cell cultures. Of the three receptor types, we focused on the GABA A and GABA B receptors.
that the GABA-treated cells were synchronized while the control-treated cultures were not ( The GABA A receptor agonist muscimol mimics the
